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The effects of the application of a magnetic field on the diagonal stripe spin-glass phase is studied
in lightly doped La2−xSrxCuO4 (x=0.014 and 0.024). With increasing magnetic field, the magnetic
elastic intensity at the diagonal incommensurate (DIC) positions (1,±ǫ,0) decreases as opposed to
the increase seen in superconducting samples. This diminution in intensity with increasing magnetic
field originates from a spin reorientation transition, which is driven by the antisymmetric exchange
term in the spin Hamiltonian. On the other hand, the transition temperature, the incommensu-
rability, and the peak width of the diagonal incommensurate correlations are not changed with
magnetic field. This result suggests that the magnetic correlations are determined primarily by
the charge disproportionation and that the geometry of the diagonal incommensurate magnetism is
also determined by effects, that is, stripe formation which are not purely magnetic in origin. The
Dzyaloshinskii-Moriya antisymmetric exchange is nevertheless important in determining the local
spin structure in the DIC stripe phase.
PACS numbers: 74.72.Dn, 75.30.Gw, 75.25.+z, 75.50.Lk
I. INTRODUCTION
Extensive elastic neutron scattering studies have
been performed on lightly doped La2−xSrxCuO4 (0≤
x <0.055) in order to elucidate the static magnetic prop-
erties in the spin-glass regime. The pioneering studies of
Wakimoto et al. reveal that the static spin correlations
in the spin-glass phase show a one-dimensional diagonal
spin modulation, in which the direction of the modulation
is rotated away by 45◦ from that in the superconducting
phase.1,2 In the lightly doped regime 0≤ x <0.02, it is
well established that a three-dimensional (3D) antiferro-
magnetic (AF) long-range ordered phase and a spin-glass
phase coexist at low temperatures. Matsuda et al. sug-
gested that in this regime electronic phase separation of
the doped holes occurs so that some regions with hole
concentration ch ∼0.02 exhibit diagonal stripe correla-
tions while the rest with ch ∼0 shows 3D AF order.
3
One of the remaining puzzles is that the nuclear super-
lattice peaks, which are predicted by the charge stripe
model and are prominent in doped La2NiO4,
4 have not
been observed in the spin-glass phase of La2−xSrxCuO4
although diagonal incommensurate (DIC) magnetic
peaks are readily observed. It is, of course, possible
that the charge and magnetic stripe model is not cor-
rect. However, there are at least two possibilities to un-
derstand the absence of observable nuclear superlattice
peaks in La2−xSrxCuO4. One is that the peak width is
very broad because the charge stripes are significantly
disordered. Another is that the peak intensity is ex-
tremely low because the coupling between the charge and
the lattice is weak. Magnetic field experiments should
give valuable information about the origin of the incom-
mensurate magnetic peaks. If the incommensurate peaks
are not directly related to underlying charge stripes but
rather are purely magnetic in origin, then application of
a magnetic field could directly affect the static magnetic
order. Magnetic field experiments are also important to
understand the role of the magnetic anisotropy as in pure
La2CuO4.
It is well known that in pure La2CuO4 the net mag-
netic anisotropy is weakly Ising-like with a strong XY
anisotropy and a weaker in-plane Ising anisotropy with
the easy-axis along the b axis.5 The easy-plane anisotropy
in the CuO2 plane is due to the combination of the
spin-orbit and Coulomb exchange interactions.6,7 The
Dzyaloshinskii-Moriya (D-M) antisymmetric exchange
terms are generated by the small rotation of the CuO6
octahedra, which creates the magnetic anisotropy in the
CuO2 plane as well as the canting of the Cu
2+ moments
1
out of the plane.8,9 In pure La2CuO4 application of a
magnetic field perpendicular to the CuO2 plane causes a
first order magnetic transition and, in addition, a weak
ferromagnetic component is induced along the magnetic
field direction. The magnetic structure also changes
from an La2CuO4-type (propagation vector⌣τ=⌣a) to an
La2NiO4-type (⌣τ=⌣b) in the high field phase.
9
With hole doping, the magnetic anisotropy is expected
to become smaller since the rotation of the CuO6 octa-
hedra is reduced. It was previously believed that when
the long-range magnetic order disappears at high tem-
peratures or at x >0.02, the magnetic anisotropy plays
a less significant role in the magnetic properties. It has
been reported, however, that the easy-plane anisotropy
is required to describe the L-dependence of the neu-
tron elastic magnetic intensity,10,11 in La2−xSrxCuO4 for
x ≥0.02. It has also been found from magnetization mea-
surements using untwinned crystals that even the easy-
axis anisotropy is evident above TN in crystals with x=0,
0.01, and 0.02 and at all temperatures in an x=0.03 sam-
ple.12
In this study we have examined the effect of a mag-
netic field on the static magnetic correlations in lightly
doped La2−xSrxCuO4. One important point we wished
to clarify is whether the DIC structure is dominated by
charge disproportionation or is purely magnetic in ori-
gin. It is also important to clarify the nature of the mag-
netic anisotropy in doped La2CuO4 from a microscopic
point of view. Although the DIC structure is probably
dominated by the charge disproportionation, the static
magnetic ordering is in part stabilized by the magnetic
anisotropy.
II. EXPERIMENTAL DETAILS
The single crystals of La2−xSrxCuO4 (x=0.014 and
0.024) were grown by the traveling solvent floating-zone
method. The crystals were annealed in an Ar atmosphere
at 900 ◦C for 24 h. The uncertainty in the effective hole
concentration of each crystal was estimated to be less
than 10%. The crystals used in this study were the ones
that were employed in the previous neutron-scattering
studies.3,11 The twin structure of the crystals is shown in
Fig. 1. As shown in Fig. 2 of Ref. 2, four twins are possi-
ble in the low temperature orthorhombic phase (Bmab).
A smaller number of twins greatly simplifies the analysis
of the incommensurate magnetic peak structure. For-
tunately, the x=0.014 crystal has a single domain dom-
inant. The x=0.024 crystal has two twins, which are
estimated to be equally distributed based on the ratio of
the nuclear Bragg peak intensities from each twin.
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FIG. 1. (a) Diagram of the reciprocal lattice in the (HK0)
scattering zone. Filled and open symbols are for domains A
and B, respectively. The circles and triangles correspond to
the incommensurate magnetic peaks and fundamental Bragg
peaks, respectively. (b) Diagram of the reciprocal lattice in
the (H0L) scattering zone. The magnetic reflections pre-
dicted from the La2CuO4-type structure are shown. Filled
and open symbols are for domains A and B, respectively. The
triangles and squares correspond to the magnetic peaks and
nuclear Bragg peaks, respectively. (c) The magnetic reflec-
tions predicted from the La2NiO4-type structure are shown.
The neutron-scattering experiments were carried out
on the cold neutron three-axis spectrometer LTAS and
the thermal neutron three-axis spectrometer TAS2 in-
stalled in the guide hall of JRR-3M at the Japan Atomic
Energy Research Institute. Typical horizontal collimator
2
sequences were guide-80′-S-20′-80′ with a fixed incident
neutron energy of Ei=5.05 meV at LTAS and guide-40
′-
S-40′-80′ with a fixed incident neutron energy of Ei=13.7
meV at TAS2. Contamination from higher-order beams
was effectively eliminated using Be filters at LTAS and
pyrolytic graphite filters at TAS2. The single crystals
were oriented in the (HK0)ortho or (H0L)ortho scattering
plane. The neutron-scattering experiments in a magnetic
field were performed up to 10 T using a new type of split-
pair superconducting magnet cooled by cryocoolers. The
field was applied perpendicular to the scattering plane.
In this paper, we use the low temperature orthorhom-
bic phase (Bmab) notation (h, k, l)ortho to express Miller
indices.
III. RESULTS
A. Magnetic field perpendicular to the CuO2 plane
1. La1.986Sr0.014CuO4 (Ne´el ordered phase)
The effect of a magnetic field was studied first in
La1.986Sr0.014CuO4, which exhibits coexistence of a 3D
Ne´el ordered phase and a quasi-2D spin-glass phase at
low temperatures.3 Figure 2 shows the magnetic field de-
pendence of the magnetic Bragg intensity at (1,0,0) in
La1.986Sr0.014CuO4. The magnetic field is applied per-
pendicular to the CuO2 plane. At 50 K the (1,0,0) mag-
netic Bragg intensity, originating from the long-range AF
ordering, gradually decreases with increasing magnetic
field and shows a sharp drop at a critical field of 4.4 T.
The magnetic structure factor of the (1,0,0) reflection be-
comes zero because a spin reorientation transition from
the La2CuO4-type magnetic structure to the La2NiO4-
type magnetic structure occurs.9 In this transition the
spins in the orthorhombic unit cell at (0,0,0) (S‖⌣b) and
(1
2
, 1
2
,0) (‖-⌣b) are unchanged at Hc but those at (0,
1
2
, 1
2
)
(‖⌣b) and (1
2
,0, 1
2
) (‖-⌣b) for H < Hc change sign above Hc.
This critical field is comparable to that in La2CuO4+δ,
which also has a similar Ne´el temperature TN=234 K.
9
With decreasing temperature, the critical field be-
comes larger. At the same time, magnetic hysteresis
occurs between the field increasing and field decreasing
processes as shown in Fig. 2(a). We confirmed that
this behavior is reproducible. A characteristic feature
is that the intensity at (1,0,0) does not return to the ini-
tial value even at 0 T after the magnetization cycle. Such
large hysteresis behavior at (1,0,0) was not observed in
La2CuO4+δ.
9 A possible origin will be discussed in Sec.
4.
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FIG. 2. Magnetic field dependence of the (1,0,0) magnetic
Bragg intensity at 4 K and 50 K in La1.986Sr0.014CuO4. Mag-
netic field is applied perpendicular to the CuO2 plane.
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FIG. 3. Magnetic elastic intensity around the diagonal incommensurate positions (1,±ǫ,0) and (0,1±ǫ,0) at 4 K in
La1.986Sr0.014CuO4 as a function of magnetic field. The scan trajectories are shown in Fig. 1(a). Open circles in (c) are
the data measured at 0 T after a magnetization cycle. Magnetic field is applied perpendicular to the CuO2 plane. Background
intensities measured at a high temperature have been subtracted. The lines are guides to the eyes.
2. La1.986Sr0.014CuO4 (spin-glass phase)
Figure 3 shows the magnetic field dependence of the
magnetic elastic intensity around the DIC positions
(1,±ǫ,0) and (0,1±ǫ,0) in La1.986Sr0.014CuO4. The mag-
netic signal, which develops below∼30 K, originates from
the phase-separated spin-glass regions. The incommen-
surate peaks are asymmetric because of the twin struc-
ture as shown in Fig. 1(a). The peak profiles are consis-
tent with those observed in the previous measurements
at zero field.3 Below Hc there exists an intense magnetic
Bragg peak at (1,0,0) so that the data around (1,0,0)
are contaminated. On the other hand, above Hc, the
data around (0,1,0) are contaminated because of double
scattering at the (0,1,0) magnetic peak position. This
double scattering is made allowed by the transition to
the La2NiO4-type magnetic structure at high field. As
shown in Fig. 3(a), the magnetic intensities at (1,±ǫ,0)
are almost constant between 0 and 6 T and gradually
decrease above 6 T. Since the (1,0,0) peak in the Ne´el
ordered phase shows a decrease in intensity with increas-
ing field, it is natural to think that the decrease of the
DIC peak intensity also originates from the spin reori-
entation transition. As shown in Fig. 2, Hc=5.2 T at
4 K in the Ne´el ordered phase, indicating that the aver-
aged transition field is similar, albeit somewhat larger, in
the spin-glass phase. The transition is very broad in the
spin-glass phase because the cluster size is finite and, in
particular, there is only short range magnetic order (∼10
A˚) between the CuO2 planes. This result is consistent
with that of magnetization measurements, which shows
a broadening of the jump in the magnetization at Hc.
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The magnetic intensity at (0,1±ǫ,0) is almost magnetic
field independent as shown in Figs. 3(b) and 3(d). The
magnetic signal at (0,1±ǫ,0) may be considered to be
the tail of (0,1±ǫ,1), which is broadened along the c axis
because of the quasi-2D nature of the DIC state.11 The
instrumental resolution which is elongated vertically in-
4
tegrates the tail effectively. The (0,1,1) magnetic Bragg
peak should decrease in intensity under magnetic field,
whereas the (0,1,0) magnetic intensity increases. Both
contributions will tend to compensate each other, so that
the intensity at (0,1±ǫ,0) may remain almost unchanged.
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FIG. 4. Magnetic elastic intensity around the diagonal in-
commensurate positions (1,±ǫ,0) at 4 K in La1.976Sr0.024CuO4
as a function of magnetic field. The scan trajectory is shown
in Fig. 1(a). Magnetic field is applied perpendicular to the
CuO2 plane. Background intensities measured at a high tem-
perature have been subtracted. The solid lines are guides to
the eyes.
3. La1.976Sr0.024CuO4 (spin-glass phase)
The effect of a magnetic field has also been stud-
ied in La1.976Sr0.024CuO4. At zero field, this sample
shows no long-range AF order but only diagonal stripe
spin-glass behavior below ∼25 K. Figure 4 shows the
effect of a magnetic field in La1.976Sr0.024CuO4 with
the field perpendicular to the CuO2 plane. The mag-
netic intensity at (1,±ǫ,0) decreases monotonically with
increasing magnetic field. The tendency is similar to
that in La1.986Sr0.014CuO4 although the overall effect
is much more gradual presumably because the between-
plane magnetic correlation length is only 3 A˚. Since this
sample shows only spin-glass ordering at low tempera-
tures, the (1,0,0) magnetic Bragg peak is absent and the
DIC peaks per unit sample volume are more intense than
those in the x=0.014 sample. Therefore, the magnetic
field dependence of the DIC peaks can be cleanly ob-
served in this sample. We found, in addition, that the
transition temperature, the peak width, and peak posi-
tions are almost unchanged under magnetic field.
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FIG. 5. Magnetic elastic intensity at (1,0,L), (H ,0,2.2),
and (H ,0,3.2) at 4 K in La1.976Sr0.024CuO4 as a function
of magnetic field. The scan trajectories are shown in Fig.
1(b). Magnetic field is parallel to the CuO2 plane. Back-
ground intensities measured at a high temperature have been
subtracted. The horizontal bars in (b) and (c) represent the
instrumental resolution.
B. Magnetic field parallel to the CuO2 plane
We have so far discussed only the effects of a mag-
netic field when the field is applied perpendicular to
the CuO2 plane. Figure 5 shows the effect of the
magnetic field applied parallel to the CuO2 plane in
La1.976Sr0.024CuO4. The scan along (1,0,L) shows broad
peaks at the L = even positions in zero field;10 these are
the positions where magnetic Bragg peaks are observed
in pure La2CuO4. The peaks are broad because the cor-
relation length along the c axis is very short as noted
above. The magnetic peaks in Figs. 5(b) and 5(c) are
asymmetric and have a tail at lower Q’s because of the
twin structure as shown in Fig. 1(b). The peak pro-
files are consistent with those observed in the previous
measurements at zero field.10
Under a magnetic field of 10 T, the peak widths along
the a, b, and c axes are unchanged, indicating that mag-
netic correlation length is not measurably affected. On
the other hand, the magnetic intensity decreases over a
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wide range of L. In La2CuO4+δ, a spin-flop transition,
which is due to the D-M exchange, occurs when the mag-
netic field is applied along the easy-axis b.14 Above the
transition field, which is about twice as large as that ob-
served for H‖⌣c, spin components along the a and c axes
appear. This explains the decrease in magnetic intensity
at (1,0,L) qualitatively.
Thus, the magnetic elastic signal decreases under mag-
netic field irrespective of the field direction. This result
with x=0.024 sample is consistent with that expected
from a broadened spin reorientation transition, originat-
ing from the D-M exchange interaction, in analogy to the
first order transition in La2CuO4+δ. Again, the tran-
sition is severely broadened because of the very short
between-plane correlation length.
IV. DISCUSSION AND CONCLUSIONS
Our elastic neutron-scattering study in lightly doped
La2−xSrxCuO4 reveals that the magnetic field affects the
direction which the spins point along. On the other hand,
the transition temperature, the peak width, and the in-
commensurability are almost unaffected. This result sug-
gests that the magnetic correlations are dominated by the
charge disproportionation rather than magnetic interac-
tion effects.
We have found that the DIC structure in the spin-glass
phase has an in-plane Ising anisotropy originating from
a combination of XY anisotropy and the D-M antisym-
metric exchange as in pure La2CuO4. This result is con-
sistent with that in the magnetization measurements,12
which suggests that the in-plane magnetic anisotropy
continues to play an important role even after the Ne´el
order is destroyed. It should be emphasized that our
study evinced the in-plane magnetic anisotropy specifi-
cally in the DIC phase. This magnetic anisotropy plays
an important role in determining the spin direction in the
DIC structure. Since the rotation of the CuO6 octahedra
is larger in the lower hole concentration region, the D-M
antisymmetric exchange will be more pronounced in the
lower hole concentration region. It has been reported pre-
viously that the static DIC spin modulation is stabilized
in the lower hole concentration region.3 This is partly be-
cause the diagonal stripe is increasingly stabilized as the
rotation of the CuO6 octahedra becomes larger in the
Bmab phase. However, since the magnetic anisotropy,
which reduces quantum spin fluctuations, enhances hole
attraction and stabilizes magnetic order,15,16,17 the static
DIC structure in La2−xSrxCuO4 may also be influenced
by the magnetic anisotropy. It would be interesting to ob-
serve directly the energy gap in the spin excitations due
to the magnetic anisotropy at the magnetic zone center.
However, the peak width in energy becomes so broad that
the anisotropy gap energy is very difficult to determine
experimentally.11
The magnetic anisotropy in lightly doped
La2−xSrxCuO4 should be taken into account in deter-
mining the appropriate spin structure model in the spin-
glass phase. The L-dependence of the magnetic intensity,
shown in Fig. 5(a), can be described by 3D correlated
AF spin clusters with the spin randomly oriented within
the ab plane and with⌣τ (‖⌣a). Alternatively, the data are
consistent with equal admixtures of 3D correlated phases
where the spin vector S is along or perpendicular to⌣τ (‖⌣a)
.10 It should be noted that all the spins point along the
b axis in excess-oxygen-doped La2CuO4+y, which shows
a parallel incommensurate magnetic modulation below
∼42 K.18
Lee et al. suggested that the weak ferromagnetic mo-
ment in each CuO2 plane, originating from the out-of-
plane spin canting, is absent in La2CuO4+y because in
the stripe model, in which there exist antiphase domain
boundaries between ordered spins, the out-of-plane spin
canting points in opposite directions on either side of
a domain wall.18 Then, the size of the magnetic field
effect would be inversely related to the number of an-
tiphase domains inside of a magnetically correlated area,
suggesting that the decrease in magnetic intensity in a
magnetic field should become smaller as the Sr-doping
gets larger. There may, of course, be additional mag-
netic mechanisms, in addition to the one we have identi-
fied, contributing to the diminution of the DIC magnetic
peak intensity under the application of a magnetic field.
The effects of a magnetic field have also been stud-
ied in superconducting La2−xSrxCuO4 (x=0.10 and 0.12)
and excess-oxygen-doped La2CuO4+y. It has been found
that the static parallel stripe magnetic order is enhanced
under the application of a magnetic field perpendicular
to the CuO2 planes.
19,20,21 This is completely opposite
to our result in lightly doped La2−xSrxCuO4. The en-
hancement of the elastic magnetic intensity is ascribed
to the vortices which stabilize the static magnetic order
over a region much larger than the vortex cores.19,20,21
Our results indirectly support this interpretation.
We now discuss the magnetic hysteresis behavior in
La1.986Sr0.014CuO4. The hysteresis behavior becomes
pronounced with decreasing temperature below 50 K.
This can be related to the spin-glass behavior. As shown
in Fig. 3(c), the magnetic intensity at (1,−0.02,0) in-
creases slightly after a magnetization cycle. The slight
increase in magnetic intensity after the magnetization
cycle is probably related to the (1,0,0) magnetic Bragg
intensity lost after the cycle, as shown in Fig. 2(a). How-
ever, the increased intensity at (1,−0.02,0) is factor of
∼30 smaller than the lost intensity at (1,0,0). Therefore,
some fraction of the Ne´el ordered phase still remains in
the La2NiO4-type structure after the magnetization cy-
cle.
In summary, our neutron-scattering experiments un-
der magnetic field demonstrate the effects of the D-
M interaction in the spin-glass phase in lightly doped
La2−xSrxCuO4. Although the DIC structure regimes are
determined by the charge disproportionation, the static
magnetic ordering is stabilized in part by the magnetic
6
anisotropy.
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